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Collectivity in small collision systems

Azimuthal anisotropy: considered a
tell-tale signature of the QGP
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Collectivity in small collision systems

* Azimuthal anisotropy: considered a
tell-tale signature of the QGP

* High-multiplicity pp collisions:

similar signatures to those observed
in heavy-ion collisions

* Strangeness enhancement

* Long-range multiparticle correlations,

“fl ow”
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Collectivity in small collision systems

tell-tale signature of the QGP
High-multiplicity pp collisions:
similar signatures to those observed
in heavy-ion collisions

Strangeness enhancement

“fl OW”

Is there a quark-gluon plasma in
pp collisions?

Or are vacuum-QCD effects
responsible for this behavior

Zimanyi School 2025

Azimuthal anisotropy: considered a

Long-range multiparticle correlations,
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Collective system from a single parton?

* Small collision systems exhibit collectivity
* Is there similar collectivity in a single jet?

* Idea: in the jet frame the particle shower is similar to bulk physics
A. Baty et al., Phys.Rev.C 107 (2023) 6, 064908

rooss Y Jet frame (jr,®*,n*)
* jr perpendicular to jet
axis (z*)
* ®*is the azimuth
around z*
* N* represents the
angle with z*
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CMS angular correlations in the jet frame

= CMS: substantial elliptical flow in the CMS
jet system v,* is seen
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CMS angular correlations in the jet frame

= CMS: substantial elliptical flow in the

jet system v,* is seen

CMS 138 fb™ (pp 13 TeV)
<Ni,>=101 _ Anti k;R=0.8
Top 0.0023% highest-N__ jets pe' > 550

0.3 <ir<3'0 GeV 3

* Low and medium jet multiplicity (N'sn)
trend is well understood by models

= A high-Ni, increase is present

compared to predictions
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PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process

2) Parton shower
3) Hadronization
4) Decays

(O Hard Interaction

@ Resonance Decays

B MECs, Matching & Merging

N FSR

W ISR*
QED

W Weak Showers

B Hard Onium

() Multiparten Interactions

O Beam Remnants*

Strings

[ Ministrings / Clusters
Calour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

M Secondary Hadrons

B Hadronic Reinteractions

{*: incoming lines are crossed)
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PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process
2) Parton shower
3) Hadronization

(O Hard Interaction

4) Decays i VO
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PYTHIA: Hadronization

* Lund fragmentation
* Color field between quarks: flux tube
* Breaking with quantum tunnelling into
a chain of hadrons
1 (bm%

f(Z) X — (1 — Z)a' €xXp ) mr: Transverse mass
< 4

z: Light-cone momentum fraction

a, b: Tuning parameters
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PYTHIA: Hadronization

= Lund fragmentation
* Color field between quarks: flux tube
* Breaking with quantum tunnelling into
a chain of hadrons
1 (bm%

f(Z) X — (1 — Z)a' €xXp ) mr: Transverse mass
< 4

z: Light-cone momentum fraction

a, b: Tuning parameters

* Thermodynamical string fragmentation .
* Hadrons produced with Boltzmann-like P(E) o exp <—f)
probability
* Mimics thermalized hadron production

T "Temperature" parameter (~170 MeV typical)
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PYTHIA: Color reconnection

= Color flow is not traced during hadronization
* Different color connections may be possible
between a set of quarks 4

=

= “Afterburner” step: color reconnection
* Minimizes overall color string length A

Zimanyi School 2025 R. Vértesi — QGP-like effect in jets
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PYTHIA: Color reconnection

= Color flow is not traced during hadronization

* Different color connections may be possible s
between a set of quarks 7
= “Afterburner” step: color reconnection
* Minimizes overall color string length A T
1) MPl-based model
* tests possibilities within range r q—/

Zimanyi School 2025 R. Vértesi — QGP-like effect in jets
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PYTHIA: Color reconnection

= Color flow is not traced during hadronization
* Different color connections may be possible
between a set of quarks

= “Afterburner” step: color reconnection
* Minimizes overall color string length A

1) MPIl-based model
* tests possibilities within range r

2) QCD-based CR scheme

(beyond leading color approximation)
* Tests all possibilities allowed by SU(3)color
* Color junctions enhance baryon production

* JHEP 08 (2015) 003
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Simulations: validation on minimum-bias data
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Simulations: validation on minimum-bias data

/N, EN/(dydp_)
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= Light particle yields are generally well-described by the Monash tune
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Simulations: validation on minimum-bias data

Monash ©  ALICE |1j|<0.5 {LF}, [v|<0.5 (HF)
102 F PYTHIA 8 pp y5=13 TeV |nj<1 F I —— = Thermadyn. CR-MPI I EPJ C 81 (2021) 256
= = = = Monash CR-QCD PAL 128 {2022) 012001
10 SEITT r Mo CR-BLC mode2 b

r — @ Themadyn. CR-OCD

= Light particle yields are generally well-described by the Monash tune
= Strange baryons are better described by thermodinamical fragmentation with close packing
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Simulations: validation on minimum-bias data
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= Light particle yields are generally well-described by the Monash tune
= Strange baryons are better described by thermodinamical fragmentation with close packing
* Charmed hadrons are best described by the CR-BLC tune
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Simulations: jet reconstruction
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= Jet reconstruction: anti-kr algorithm and R=0.8, p+* > 550 GeV/c
* Multi-parton interactions (MPI) off to suppress the underlying event
* Jet multiplicities and n* distributions are relatively uneffected by the
choice of model
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Results: baryon-meson ratios vs. jr
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Results: baryon-meson ratios vs. jr
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Baryon-meson ratios as a function of
jr, different N, ranges

* In the light-flavor sector, trends are
similar for all models
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Results: baryon-meson ratios vs. jr
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Results: baryon-meson ratios vs. jr

Monash (MPI:off)
(p+P)/nt ratio

Thermodyn. GR-QCD Monash CR-QCD CR-BLC mode2
PYTHIAS pp {s=13 TeV

R=0.8 anti-k;

Baryon-meson ratios as a function of
s r, different Nig, ranges

S * In the light-flavor sector, trends are
similar for all models

* NYKs? grouping into low-Nis, and high-
Nig, curves

* NA:/DP°: if color junctions are allowed, a
characteristic low-jr enhancement is
present that gets stronger with
multiplicity; this is similar to pr-dependent
enhancement of charmed baryons in

minimum-bias data
ALICE, Phys. Rev. C 107, 064901
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Results: baryon-meson ratios vs. N;cn

0.08
0.07F

jr-integrated baryon-to-meson ratios as a L0
function of Nig, for different models T A —

R=0.8 anti-k

E — Monash (MPl:offy — = Thermadyn. string frag.

RED®@LN A
[ R W

E ---'QCD-schemeCR ----= CR-BLC mode2

/2
o
° o ¢
o
| R |

o
o
=]
a
I

T ——
———
———

Zimanyi School 2025 R. Vértesi — QGP-like effect in jets



jr-integrated baryon-to-meson ratios as a L
function of N, for different models SO evna e

R=0.8 anti-k;

* Thermodynamical string fragmentation
presents a rising trend, contrary to Lund
fragmentation results: indicates a relative
baryon enhancement with increasing N,

— Monash (MPl:offy — = Thermadyn. string frag.
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0.08

Results: baryon-meson ratios vs. N;cn

o
o
<
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jr-integrated baryon-to-meson ratios as a oo
function of Ny, for different models B8 ersep Ty

R=0.8 anti-k;

* Thermodynamical string fragmentation ]
presents a rising trend, contrary to Lund = o0

— Monash (MPl:offy — = Thermadyn. string frag.

===' QCD-scheme CR ===== CR-BLC mode2

fragmentation results: indicates a relative

baryon enhancement with increasing Ni,

* For Q%, there is a fivefold increase in
Thermodynamical string fragmentation
compared to other models

Zimanyi School 2025 R. Vértesi — QGP-like effect in jets



0.08

Results: baryon-meson ratios vs. N;cn

o
o
<
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jr-integrated baryon-to-meson ratios as a oo
function of Ny, for different models B8 ersep Ty

R=0.8 anti-k

* Thermodynamical string fragmentation &
presents a rising trend, contrary to Lund 0% T tenenen T Teean o
fragmentation results: indicates a relative
baryon enhancement with increasing Ni,

— Monash (MPl:offy — = Thermadyn. string frag.

* For (%, there is a fivefold increase in
Thermodynamical string fragmentation
compared to other models

T ——
———
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* Models including color junctions show a
constant rising of the A:*/D° ratio with Nig,
Zimanyi School 2025 R. Vértesi — QGP-like effect in jets




Results: effect of close packing on B/M vs. N;

jr-integrated baryon-to-meson ratios as a
function of Ny, for different models

* No color junctions allowed
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Results: effect of close packing on B/M vs. N;

PYTHIA8 pp {5=13 TeV
R=0.8 anti-k;

jr-integrated baryon-to-meson ratios as a
function of Ny, for different models

— Monash (MPI:off)
— Thermodyn. with ClosePack
- - - Thermodyn. w/o ClosePack

* No color junctions allowed

* Increasing trend can be partly attributed to
close packing of color strings

(Close packing: more constrained placing of
partons before break-up into hadrons) N
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Conclusions

Structures in jr

= Low-high multiplicity grouping of p/1t and A%Kg° ratios for j+>5 GeV/c:
possibly reflects the flavor of the jet-initiating parton.

= Bump structure of A%Ks?and =*/Ks® reminiscent of the radial flow-like effects in the pr
spectra as a function of the inclusive charged particle multiplicity.

Zimanyi School 2025 R. Vértesi — QGP-like effect in jets
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Conclusions

Structures in jr

= Low-high multiplicity grouping of p/1t and A%Kg° ratios for j+>5 GeV/c:
possibly reflects the flavor of the jet-initiating parton.

= Bump structure of A%Ks?and =*/Ks® reminiscent of the radial flow-like effects in the pr
spectra as a function of the inclusive charged particle multiplicity.

Thermodynamical string fragmentation with close packing

= Continuous increase of the p/1r, A%Ks?and =/Ks° ratios with increasing Ni.,; Reduced
effect with the increase of the s-quark content, likely because of phase-space constraints

* Thermodynamical string fragmentation model: strong enhancement of the Q*/Ks°
* The enhancement trends are related to close packing of color strings
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Conclusions

Structures in jr

= Low-high multiplicity grouping of p/mr and A%Ks° ratios for j+>5 GeV/c:
possibly reflects the flavor of the jet-initiating parton

= Bump structure of A%Ks?and =*/Ks® reminiscent of the radial flow-like effects in the pr
spectra as a function of the inclusive charged particle multiplicity.

Thermodynamical string fragmentation with close packing

= Continuous increase of the p/1r, A%Ks?and =/Ks° ratios with increasing Ni.,; Reduced
effect with the increase of the s-quark content, likely because of phase-space constraints

* Thermodynamical string fragmentation model: strong enhancement of the Q*/Ks°

* The enhancement trends are related to close packing of color strings

Heavy flavor with QCD-scheme CR

= |ncrease of A;/D° at low jr with increasing N, for the Lund fragmentation model:
Similar to the multiplicity-dependent A;*/D°as a function pr reported by ALICE
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Thank you!




The phase diagram of QCD

Fereere
O O

e A

Temperatur
Early universe

0 Po Real Quark chemical potential

Modern day accelerators: recreate the Quark Gluon Plasma
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Simulations: models

* PYTHIA 8 was used to explore signiatures of collectivity within jets
* Multi-parton interactions (MP1) off to suppress the underlying event
* Monash tune: established from early LHC data, succesfully
describes many observables, includes Lund fragmentation

* Further model settings were explored
* QCD-scheme color reconnection with default settings (CR-QCD), as
well as CR-BLC mode 2 that is tuned to describe heavy-flavor
baryon sector: allow for color string junctions
* Thermodynamical string fragmentation

with and without close packing
(more constrained placing of partons before break-up into hadrons)
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Charm baryon enhancement

ALICE Phys Rev Lett 128 (2022) 012001
gﬂ-g-" ¥ T R JEEEE £EH RS B AR R LN EE R I LN R R

= FALICE A;/D° 1 z” 32/ D" Pro..  ANCEST)x 327 AL

@ 0.7 opp.f5=5Tev T s pp, V513 Tev TR s pp.f5-13TeV ]

c PR . s pp,Is=13TeV } ] b T

e 06F g~ F  PYTHIA 8.243, Monash 2013 3 Wi, -

] p=—1 1 PY¥THIA 8.243, CR-BLC: ] e

@ 0.5 58 : b= 15 + --Mode0 - Mode? -:-Mode3 T iy, E

@ 0.4p=l7_ - ‘E e sHMsROM T B '~ 1

s " | ~ o Gatania ; .-

GnaE b I —om  f LSS
0.2 - % BR uncertainty 3 3 1 Tl T i ]
01F T .

| " L PR | . :'|||||||||||| ' _l'r|-||||||||i|-||||||||.|;||
1 10 2 4 6 8 10 “IE 14 2 4 6 8 10 12 14

P (GeV/c) P, (GeV/c) P (GeV/c)
Charm baryon to meson ratios: sensitive probes of fragmentation

A /D% and X /D° underestimated by models based on factorization approach with fragmentation

functions from ee collisions: HF fragmentation universality broken!

PYTHIA 8 CR-BLC: strin dg formation beyond leading color approximation
Christiansen-Skan HEP 08 (2015) 003

feed-down from augmented set of charm-baryon states
) He-Rapp, Phys. Lett. B 795 (2019) 117 ]
Catania: fragmentation + coalescence of charm and light quarks
Plumari et al., Eur. Phys. J. C 78 no. 4, (2018) 348

QCM: coalescence model based on statistical weights + equal quark-velocity
Song-Shao, Eur. Phys. J. C 78 no. 4, (2018) 344
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Results: double ratios

Normalized jr-integrated baryon-to-meson
ratios as a function of Ni., for different models

Varied input B/M ratios

Ratios normalized to the first point

Trends for all the B/M ratios are the same, just
the normalization changes

Input B/M ratios do not have a direct effect on
multiplicity-dependent baryon numbers
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Outlook: jets in ALICE

» Focus on ALICE HF-jets o E,
* Charged jets 15 < prhiet< 30 GeV 1078 ",
* (matches current D°, A jets) 1ok '::*
* Jet reconstruction: Anti-kr R=0.4 -—%_w_f_ o
2
o
= MPI makes a difference! OE
* Underlying event has a clear role 107
In this energy regime 107F
Ell | I'||':lI —

PYTHIAS pp Ys=13 TeV
Monash MPI:off

CR-BLC MPI:off
Monash MPl:on

CR-BLC MPl:on

R=0.4 anti-k,

]
FY
¥
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Outlook: ALICE - baryon-meson ratios vs. jr

Zzzzz (p+p)/n* ratio | E‘F"SEL'gr?:?_’E’r?g—13TEV_ Monash MPI:on e CR-BLC MP!:on i Baryon_meson ratlos aS a funCtlon Of
Ve e J"‘"'*‘f;# =3y, different Nig, ranges

Zj: (A%+R")/2KC, rat ‘_ - ﬁii

:::g"‘“iir%lf *?-iggﬁ-" iy e Intrinsic to jets, no MP

- 5; ;::’ - T+ .

S S B | — 1 CR-BLC causes a slight Ac*/D°

q.;i?:'iiﬂ R éﬁﬁ N $ , -"&E*iii% 1 enhancement depending on Njcn
T ¥ -
i : * * Enhancement amplified by MPI

* Not as clean as high-pr jets:
Interplay between UE and jet

35 49 05
J, (GeVic)
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Outlook: ALICE - baryon-meson ratios vs. N;

Baryon-meson ratios as a function of
jr, different Nish ranges

* Intrinsic to jets, no MPI:
CR-BLC causes a slight A:*/D°
enhancement depending on Njcn

* Enhancement amplified by MPI

* Not as clean as high-pr jets:
Interplay between UE and jet
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